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Introduction {#cytoa23103-sec-0001}
============

Cell signaling involves a complex cascade of intermolecular events that culminate in the induction of one or more functional cellular responses. Most exogenous stimuli induce the activation and nuclear translocation of transcription factors or transcriptional modifying proteins. Once in the nucleus, transcription factors modify transcriptional activity to alter the cellular proteome and adapt cells to their environment [1](#cytoa23103-bib-0001){ref-type="ref"}, [2](#cytoa23103-bib-0002){ref-type="ref"}, [3](#cytoa23103-bib-0003){ref-type="ref"}, [4](#cytoa23103-bib-0004){ref-type="ref"}.

The subcellular localization of a protein has an important role in regulating its activity or function. Most proteins can function in multiple cellular compartments, and their localization determines their function [5](#cytoa23103-bib-0005){ref-type="ref"}, [6](#cytoa23103-bib-0006){ref-type="ref"}, [7](#cytoa23103-bib-0007){ref-type="ref"}, [8](#cytoa23103-bib-0008){ref-type="ref"}. For example, under normal conditions, Protein Disulfide Isomerase (PDI), ERp57, functions in regulating protein folding within the lumen of the endoplasmic reticulum (ER) [9](#cytoa23103-bib-0009){ref-type="ref"}, [10](#cytoa23103-bib-0010){ref-type="ref"}; however, under stress conditions, ERp57 may translocate into the nucleus and function as a transcription factor [11](#cytoa23103-bib-0011){ref-type="ref"}, [12](#cytoa23103-bib-0012){ref-type="ref"}, [13](#cytoa23103-bib-0013){ref-type="ref"}. For typical transcription factors, localization within the cytoplasm is repressive to their function, while translocation to the nucleus enables them to modify transcriptional activity [14](#cytoa23103-bib-0014){ref-type="ref"}, [15](#cytoa23103-bib-0015){ref-type="ref"}. Moreover, pathological cells are typically characterized by imbalances of particular proteins in one or more subcellular compartments, which may be used for diagnosis or prognosis, such as p53 [16](#cytoa23103-bib-0016){ref-type="ref"}, [17](#cytoa23103-bib-0017){ref-type="ref"}, [18](#cytoa23103-bib-0018){ref-type="ref"} and NF‐κB [19](#cytoa23103-bib-0019){ref-type="ref"}, [20](#cytoa23103-bib-0020){ref-type="ref"}, [21](#cytoa23103-bib-0021){ref-type="ref"}.

A variety of techniques exist to analyze subcellular localization, including confocal microscopy and western blotting on sub‐fractionated protein extracts. However, most of these techniques rely on homogenous cell preparations. In highly complex cell mixtures, such as whole blood, analyzing cellular activation and subcellular localization becomes much more difficult. The cells of interest generally need to be sorted from the blood prior to analysis or the sample needs to be analyzed by flow cytometry. Assuming that the researcher has access to the expensive equipment necessary, cell sorting is time consuming, may be harsh on the samples, and the recovered cells require at least an overnight resting period prior to further experimentation. In the most optimal circumstances, the cells are no longer in their endogenous environment and the results obtained from such samples may have questionable physiological relevance [22](#cytoa23103-bib-0022){ref-type="ref"}, [23](#cytoa23103-bib-0023){ref-type="ref"}, [24](#cytoa23103-bib-0024){ref-type="ref"}, [25](#cytoa23103-bib-0025){ref-type="ref"}, [26](#cytoa23103-bib-0026){ref-type="ref"}, [27](#cytoa23103-bib-0027){ref-type="ref"}. In general, it is preferable to analyze complex samples directly in their endogenous environment by use of flow cytometry, but the availability of flow cytometry‐based molecular biological assays is limited.

Modern flow cytometry enables the multiparametric differentiation of greater than 10 parameters with standard cytometers, and even upward of 60 parameters with specialized instruments, such as mass cytometers [28](#cytoa23103-bib-0028){ref-type="ref"}. However, among these numerous parameters, all resulting data are binary and do not confer any information on protein localization. This limits the analysis of protein activation to protein modifications, typically phosphorylation, with the increased modification of particular transcription factors used as a surrogate for their nuclear localization, such as in the case of the Signal Transducer and Activator of Transcription (STAT) family [29](#cytoa23103-bib-0029){ref-type="ref"}, [30](#cytoa23103-bib-0030){ref-type="ref"}. The problem with reliance upon surrogate markers, rather than assessing the markers directly, is that dogma is not always true in different cell types, activation states, or pathological conditions. For example, persistently phosphorylated STAT5 has been found to localize to the cytoplasm in cancer cells from patients with acute myeloid leukemia [31](#cytoa23103-bib-0031){ref-type="ref"}, [32](#cytoa23103-bib-0032){ref-type="ref"}, while CMV infection has been shown to impair the transcriptional activity of STAT1 and STAT3, even though they are both present in their phosphorylated forms [30](#cytoa23103-bib-0030){ref-type="ref"}.

Imaging flow cytometry provides a workaround for determining subcellular localization by allowing researchers to analyze moderate‐resolution images of cells [33](#cytoa23103-bib-0033){ref-type="ref"}. In imaging flow cytometry, cells in suspension are multi‐parametrically analyzed by both flow cytometry and a CCD camera that operates by time‐delay integration. However, the images are 2D rather than 3D, and the assessment of nuclear localization is still mostly qualitative since the calculation of signals within a nuclear mask does not fully account for the 3D depth of the cell, including regions in front of, behind or immediately peripheral to the nucleus, such as the ER [34](#cytoa23103-bib-0034){ref-type="ref"}, [35](#cytoa23103-bib-0035){ref-type="ref"}. Still, imaging flow cytometry enables a variety of high‐throughput morphological and subcellular localization studies that cannot be done by traditional flow cytometry, and both the technology and masking algorithms are continually improving [36](#cytoa23103-bib-0036){ref-type="ref"}, [37](#cytoa23103-bib-0037){ref-type="ref"}. Similarly, another technology that enables the assessment of morphological characteristics and subcellular localization is laser‐scanning cytometry (LSC). LSC provides higher resolution images than imaging flow cytometry, and, since the sample is not discarded into a waste stream, it allows researchers to conduct time‐resolved studies on cells, including enzyme‐ and drug‐kinetic studies, analyses of changes in cell morphology or DNA condensation, and even the sequential analyses of individual cells with different probes [38](#cytoa23103-bib-0038){ref-type="ref"}.

In order to simplify the problem of quantifying subcellular localization in complex cell mixtures, without requiring specialized instruments or cumbersome techniques, we developed a proprietary kit to biochemically partition cytoplasmic versus nuclear epitopes in leukocytes and other cells within whole blood. In this study, we utilized our kit to analyze protein localization and cell signaling in peripheral blood leukocytes. We first confirmed the partitioning efficiency with typical organelle markers. We then demonstrated the usefulness of our kit by analyzing cell signaling following LPS stimulation of monocytes. Finally, we analyzed the localization of FoxP3 within Tregs and the induction of STAT5 nuclear translocation by IL‐2 stimulation. We conclude that our kit can be useful for the molecular‐biological analysis of protein localization and cell signaling within cells in whole blood by conventional flow cytometry.

Materials and Methods {#cytoa23103-sec-0002}
=====================

Blood {#cytoa23103-sec-0003}
-----

Fresh blood was collected onsite daily from normal donors by informed consent. All blood utilized in this study was collected using K3‐EDTA vacutainers (Becton Dickinson, Franklin Lakes, NJ). For Treg analyses, the donors were fasted for several hours prior to blood draw in order to minimize mitigating factors that may influence baseline activity levels.

Reagents {#cytoa23103-sec-0004}
--------

The Whole Blood Nuclear Localization Kit\* was designed and prepared in our laboratory, and is currently distributed on demand through the Custom Design Service at Beckman Coulter Life Sciences. ERp57 (MaP.ERp57), GRP78 (A‐10), Smac (H‐177), Lamin B (C‐20), Lamin B (G‐1), Bcl‐x~L~ (H‐5), α‐Tubulin (TU‐02), α‐Tubulin‐FITC (TU‐02‐FITC), β‐Tubulin‐AF647 (H‐235‐AF647), Mitofilin (B‐10), Cytochrome C (A‐8), and STAT5b‐FITC (G‐2) were from Santa Cruz Biotechnology (Dallas, TX). Goat Anti‐Mouse IgG1‐AF647 (1070‐31), Goat Anti‐Mouse IgG2a‐AF488 (1080‐30), Goat Anti‐Mouse IgG2b‐AF488 (1090‐30), Goat Anti‐Mouse IgG3‐PC7 (1100‐17), Goat Anti‐Mouse IgG3‐AF647 (1100‐31), Goat Anti‐Mouse IgM‐PE (1020‐09), and Goat Anti‐Mouse IgM‐AF488 (1020‐30) were from SouthernBiotech (Birmingham, AL). IκBα‐AF488 (L35A5), RelA‐PE (L8F6), phospho‐RelA S536‐AF647 (93H1), and phospho‐ERK T202/Y204‐AF647 (E10) were from Cell Signaling Technology (Danvers, MA). Phospho‐RelA S529‐PC7 (K10.895.12.50) and phospho‐CREB S133‐PE (J151‐21) were from BD Biosciences (San Jose, CA). FoxP3‐AF647 (259D), CD14‐Pacific Blue (RMO52), CD14‐Krome Orange (RMO52), CD3‐FITC (UCHT1), CD3‐PE (UCHT‐1), CD3‐PC7 (UCHT‐1), CD3‐APC (UCHT‐1), CD3‐PB (UCHT‐1), CD3‐Krome Orange (UCHT1), CD25‐PC7 (B1.49.9), CD45‐PC7 (J.33), CD45‐Krome Orange (J.33), IgG1‐FITC (IM0639U), IgG1‐PE (IM0670U), IgG1‐PC7 (6607099), IgG1‐APC (IM2475U), IgG2a‐FITC (A12690), IgG2a‐PC7 (A12692), IgG2b‐FITC (B36623), IgM‐FITC (IM1269U), and IgM‐RD1 (6604117) were from Beckman Coulter (Brea, CA). Chicken‐anti‐Mouse‐IgG‐AF647 (A21463), F(ab\')2‐Donkey‐anti‐Goat IgG‐PE (31860), Chicken‐anti‐Rabbit‐IgG‐AF488 (A21441), DAPI, Goat IgG Isotype Control (02--6202), Rabbit IgG Isotype Control (02‐6102), Normal Mouse Serum (NMS), Normal Rabbit Serum (NRS), Normal Chicken Serum (NCS), Normal Goat Serum (NGS), Human AB Serum (HABS), LPS, rhIL‐2, and 10× PBS were from ThermoFisher Scientific (Waltham, MA). Mouse IgG1 (M5284), Mouse IgG2a (M5409), Mouse IgG2b (SAB4700729), Mouse IgG3 (SAB4700759), and Mouse IgM (M5909) isotype controls were from Sigma Aldrich (St. Louis, MO).

Differential Cell Permeabilization Using the Whole Blood Nuclear Localization Kit {#cytoa23103-sec-0005}
---------------------------------------------------------------------------------

The workflow used for sample preparation with the Whole Blood Nuclear Localization Kit is depicted in Figure [1](#cytoa23103-fig-0001){ref-type="fig"}A. Briefly, the blood was split into two 100 μL fractions for each sample condition, then 100 μL of fixative was added to each tube, and they were incubated for 10 min at room temperature (RT). Alternatively, samples that were stimulated were batched and then split after adding fixative. Next, 1 mL of lysis Buffer 1 or Buffer 2 were added to one tube of each pair, and the tubes were incubated for 30 min at RT. Finally, the tubes were each washed 2× by adding 2 mL of wash buffer, centrifuging at 500*g* in an Allegra 6R centrifuge with a GH‐3.8 Rotor (366816, Beckman Coulter, Brea, CA), and decanting the supernatant after each wash. Prior to the addition of antibodies, the tubes were incubated with normal serum for at least 10 min to block or reduce non‐specific and FC‐receptor binding, as described in the following section.

![Workflow for the Whole Blood Nuclear Localization Kit. A) The workflow for the Nuclear Localization Kit is similar to most Fix/Perm kits for flow cytometry, comprised of a brief fixation step, followed by permeabilization and then labeling. B) What differentiates the Nuclear Localization Kit is that 2 aliquots of the sample are permeabilized side‐by‐side with 2 different lysis buffers, enabling the nuclear signal to be quantitatively calculated from the resulting data.](CYTO-91-351-g001){#cytoa23103-fig-0001}

Antibody Labeling {#cytoa23103-sec-0006}
-----------------

For direct labeling with antibody conjugates, 50 μL of 10% NMS or a mixture of NMS and NRS in 1× PBS was added to each tube and they were incubated for 10 min at RT. Next, a premixed cocktail of the immunophenotyping, signaling and/or localization antibodies was added to each tube, and the tubes were incubated for 30 min in the dark at RT. For quantification of the background signal, an extra set of control tubes was stained with all of the immunophenotyping antibodies, but without the signaling or localization antibodies of interest. Instead, the background tubes were incubated with equivalently labeled isotype control antibodies. The tubes were then washed 2× with wash buffer as above, resuspended in 500 μL of resuspension buffer, and read on a flow cytometer.

For indirect labeling, 50 μL of 10% HABS and/or the appropriate serum for the secondary antibodies (i.e., NGS or NCS) in 1× PBS was added to each tube followed by incubation for 10 min at RT. Next, a premixed cocktail of the primary antibodies was added to each tube and they were incubated for 30 min to 1 hour at RT. After incubation, the tubes were washed 2× with wash buffer and then blocked for 10 min with 50 μL of 10% HABS or a mixture of HABS and NCS or NGS in 1× PBS. After 10 min, 200 μL of a premixed cocktail of the secondary antibodies in wash buffer was added to each tube and they were incubated for 30 min in the dark at RT. After secondary labeling, the tubes were washed 2× with wash buffer, and then incubated for 10 min with 50 μL of 10% NMS or a mixture of NMS and NRS in 1× PBS in order to block any residual binding activity of the secondary antibodies, as well as any residual non‐specific or FC‐receptor binding to the direct conjugates. Finally, a cocktail of the remaining direct antibody conjugates was added to the tubes and they were incubated for 30 min in the dark at RT. If DAPI was used in the particular experiment, it was added together with the last antibody cocktail at a final concentration of 0.25--2.5 ng/mL. After the final round of labeling, the tubes were washed 2× with wash buffer, resuspended in 500 μL of resuspension buffer, and then read on a flow cytometer. The background control for indirectly labeled samples was stained with the immunophenotyping antibodies and isotype controls for the primary antibodies, followed by incubation with the equivalent secondary antibodies; however, they were not stained with the signaling or localization antibodies of interest.

For the compensation panel, a set of samples was processed with Buffer 1 and then separately stained with only single‐color immunophenotyping or anti‐CD3 antibodies for each fluorophore utilized in the study.

Flow Cytometry {#cytoa23103-sec-0007}
--------------

All experiments in this study were performed using a 13‐color, 4‐laser CytoFLEX S Flow Cytometer\*, equipped with 375, 405, 488, and 638 nm lasers (B78557, Beckman Coulter, Brea, CA). The flow cytometer was operated as directed using CytExpert Software v1.2 (Beckman Coulter, Inc., Brea, CA). First, the compensation panel was acquired, and the compensation matrix was calculated and saved. Next, an experimental file was initiated, the gains and compensation values were imported from the compensation file, and all histograms and gating workflows were prepared. Finally, each experimental sample was acquired.

Data Analyses {#cytoa23103-sec-0008}
-------------

The resulting flow cytometry data were further analyzed using CytExpert Software v1.2. First, the calculated compensation matrix was checked and fine‐tuned for the experimental samples, if necessary. Next, the population gates for each sample were adjusted, the data were collected into a statistics table, and then exported for the preparation of charts and graphs using Excel 2013 (Microsoft). For calculation of the Cytoplasmic MFI, the background signal for Buffer 1 was subtracted from the experimental data collected for the samples processed with Buffer 1. For calculation of the Nuclear MFI, the background signal for Buffer 2 was subtracted from the samples processed with Buffer 2, and the calculated Cytoplasmic MFI was then subtracted from these results, with the remaining signal consisting predominantly of the contribution from the nucleus.

Fluorescence Microscopy {#cytoa23103-sec-0009}
-----------------------

For visualization of marker localization by microscopy, some samples were deposited onto microscope slides using a Cytospin 2 (Shandon, Runcorn, Cheshire, United Kingdom) after they were acquired on the flow cytometer. These samples were then allowed to air dry, mounted with Vectashield (H‐1500, Vector Laboratories, Burlingame, CA), and then coverslipped. Each slide was analyzed and images were acquired using an Axioskop 2 Plus fluorescence microscope, with an AttoArc 2 HBO 100 W halogen lamp and specific excitation and emission filters for FITC, PE, APC and DAPI (Carl Zeiss, Oberkochen, Germany). All images were captured using a 63× oil‐immersion lens together with AxioVision v4.7 software (Carl Zeiss MicroImaging, Jena, Germany).

Statistical Analyses {#cytoa23103-sec-0010}
--------------------

Student\'s *t*‐tests were performed using GraphPad Software (GraphPad Software, La Jolla, CA) in order to determine whether the data from test samples were significantly different from control samples. \* = *P*‐values \< 0.05. \*\* = *P*‐values \< 0.01.

Results {#cytoa23103-sec-0011}
=======

Assessing the Subcellular Distribution of Organelle‐Specific Markers {#cytoa23103-sec-0012}
--------------------------------------------------------------------

The Whole Blood Nuclear Localization Kit was designed to differentially permeabilize WBCs in two fractions in order to enable the quantitative assessment of nuclear localization by conventional flow cytometry. Since different subcellular membranes are composed of differential lipid compositions [39](#cytoa23103-bib-0039){ref-type="ref"}, we hypothesized that we could find combinations of detergents that would specifically permeabilize the plasma membrane without affecting the nuclear envelope. We first set up a multimodal screen to test different combinations of detergents with MCF7 cells, varying the concentrations and buffer conditions. Next, we analyzed the staining efficiency of HSP60 and HDAC1 in the different samples, using fluorescence microscopy in order to assess the integrity of the plasma and mitochondrial membranes versus the nuclear membrane, respectively. We then tested our system on whole blood, beginning with the detergent combinations and concentration ranges that we identified in our proof‐of‐concept studies. In order to simplify the determination of plasma membrane permeabilization when working with whole blood, we preloaded the blood samples with calcein and utilized the loss of staining to precisely gauge both plasma and endosomal membrane permeabilization. Using these parameters, we identified optimal detergent conditions for whole blood. We also optimized the buffer composition to fully lyse RBCs in highly cross‐linked samples, while being compatible with and enabling the targeting of subcellular membranes with low concentrations of detergents that otherwise would not efficiently lyse whole blood samples. Data from the invention process have been included within a filed US Patent Application.

The Whole Blood Nuclear Localization Kit consists of 2 lysis buffers, together with a wash buffer, a resuspension buffer, and a fixative. The first buffer (Buffer 1) lyses RBCs and permeabilizes the plasma membrane together with the endosomes, lysosomes, the outer mitochondrial membrane, and the endoplasmic reticulum. The second buffer (Buffer 2) permeabilizes everything that the first buffer does, but also permeabilizes the nuclear membrane (Fig. [1](#cytoa23103-fig-0001){ref-type="fig"}B). This kit is easy to use, works with small volumes of blood, takes no longer to perform than a standard immunophenotyping experiment, and can be used with conventional flow cytometry, imaging flow cytometry, or even fluorescence microscopy.

We first tested the efficiency of the kit by analyzing the subcellular distribution of organelle‐specific markers. For immunophenotyping, we stained the blood with DAPI in order to detect the DNA‐containing WBCs, and then specifically labeled T cells and monocytes with CD3 and CD14, respectively. The CD14 staining also enabled separation of the lymphocyte, monocyte and neutrophil populations for further analyses (Fig. [2](#cytoa23103-fig-0002){ref-type="fig"}A). Once we were able to identify our populations of interest, we analyzed the partitioning efficiency of a variety of organelle markers (Fig. [2](#cytoa23103-fig-0002){ref-type="fig"}B). The markers we tested were: Lamin B in the nucleus [40](#cytoa23103-bib-0040){ref-type="ref"}, [41](#cytoa23103-bib-0041){ref-type="ref"}, α‐Tubulin in the cytoplasm, GRP78 in the ER [42](#cytoa23103-bib-0042){ref-type="ref"}, and Smac/Diablo in the mitochondrial intermembrane space [43](#cytoa23103-bib-0043){ref-type="ref"}. These results clearly demonstrate the permeabilization of the cytoplasm, ER and mitochondria by Buffer 1, with the nucleus only permeabilized by Buffer 2.

![The staining of organelle‐specific markers following permeabilization with Buffer 1 or 2. A) Gating workflow. B) Histogram overlays of the MFIs of the different markers in T cells, monocytes, and neutrophils following permeabilization with either Buffer 1 or Buffer 2. The cytoplasmic and ER markers, Tubulin and GRP78, respectively, were near maximal following permeabilization with Buffer 1. The mitochondrial inner membrane and intermembrane space marker, Smac, was also near maximal following treatment with Buffer 1. The nuclear marker, Lamin B, was only accessible following permeabilization with Buffer 2.](CYTO-91-351-g002){#cytoa23103-fig-0002}

The relative percentages of MFIs for a variety of organelle markers within the Buffer 1 fraction versus the MFIs specific to the Buffer 2 fraction (i.e., the difference between the 2 fractions) are shown in Figure [3](#cytoa23103-fig-0003){ref-type="fig"}, including Lamin B, α‐Tubulin, and GRP78, together with: Bcl‐x~L~, a Bcl‐2 family member that is present in both the cytosol and the mitochondrial membranes [44](#cytoa23103-bib-0044){ref-type="ref"}; Mitofilin, a mitochondrial cytoskeletal protein within the intermembrane space [45](#cytoa23103-bib-0045){ref-type="ref"}; and Cytochrome C, a component of the electron transport chain that anchors to the inner mitochondrial membrane [46](#cytoa23103-bib-0046){ref-type="ref"}. These results were quantified by calculating the cytoplasmic (Buffer 1) versus nuclear (Buffer 2 ‐ Buffer 1) MFIs and then determining their relative percentage of the whole‐cell MFI (Buffer 2).

![Quantifying the subcellular distribution of organelle‐specific markers. A) The distribution of organelle‐specific makers in CD3^+^ T cells, calculated using the Whole Blood Nuclear Localization Kit. The percentages were calculated by determining the fraction of the Buffer 1 (Cytoplasm) signal that is within Buffer 2 (Whole Cell) signal. These data represent the average percentage of marker localization from 3 different blood donors ± the SEM. B) The distribution of organelle‐specific markers in CD14^+^ monocytes. C) The distribution of organelle‐specific markers in neutrophils. D) A summary of the efficiency of permeabilization in the 3 cell populations seen in A, B and C. The cytoplasm was permeabilized by both buffers and is colored gray for contrast. The nucleus is colored either blue when permeabilized or white if not, and the organelles are green when permeabilized. C = Cytoplasm, N = Nucleus, E = Endoplasmic Reticulum, and M = Mitochondria.](CYTO-91-351-g003){#cytoa23103-fig-0003}

In T cells, greater than 99% of Lamin B was calculated to be within the Buffer 2 fraction, showing a clear delineation for the nucleus between the 2 fractions (Fig. [3](#cytoa23103-fig-0003){ref-type="fig"}A). In contrast, α‐Tubulin, GRP78, Bcl‐x~L~, Mitofilin, and Cytochrome C predominantly localized within the Buffer 1 fraction. This demonstrates the clear partitioning of the cytoplasmic components to the Buffer 1 fraction. Approximately 30% of residual Bcl‐x~L~ and Cytochrome C were detected in the Buffer 2 fraction. This is likely due to further solubilization of the mitochondrial membrane proteins exposing additional epitopes. The very presence of Mitofilin and Cytochrome C staining in the cytoplasmic fraction suggests that the outer mitochondrial membrane was indeed permeabilized by Buffer 1.

In monocytes, greater than 99% of Lamin B was present within the Buffer 2 fraction (Fig. [3](#cytoa23103-fig-0003){ref-type="fig"}B). Similar to T cells, we found α‐Tubulin, GRP78, Bcl‐x~L~ Mitofilin and Cytochrome C predominantly within the Buffer 1 fraction.

In neutrophils, greater than 98% of Lamin B was present within the Buffer 2 fraction, while α‐Tubulin, GRP78, and Bcl‐x~L~ were mostly present within the Buffer 1 fraction (Fig. [3](#cytoa23103-fig-0003){ref-type="fig"}C). The neutrophils largely partitioned similar to both T cells and monocytes, although approximately 37% of Bcl‐x~L~ partitioned to the Buffer 2 fraction. Mitofilin and Cytochrome C were not able to be measured in neutrophils because the neutrophils had a very high level of non‐specific binding to these antibodies: IgG2a and IgG2b isoforms. A variety of methods were employed to block and or reduce such binding, but to no avail. In any case, the remaining antibodies in the panel suggests that this system performs similar with granulocytes as it does with lymphocytes and monocytes.

Collectively, the data from Figures [3](#cytoa23103-fig-0003){ref-type="fig"}A--[3](#cytoa23103-fig-0003){ref-type="fig"}C are summarized pictorially in Figure [3](#cytoa23103-fig-0003){ref-type="fig"}D. The primary difference is that Buffer 2 permeabilizes the nucleus in addition to everything else permeabilized by Buffer 1. It also begins to permeabilize the inner mitochondrial membrane.

Comparing the Flow Cytometry Results to Fluorescence Microscopy {#cytoa23103-sec-0013}
---------------------------------------------------------------

In order to visually confirm the staining found by flow cytometry, we prepared samples that were analyzed by both flow cytometry and fluorescence microscopy. In these tests, the blood was first split into two fractions and permeabilized with either Buffer 1 or Buffer 2. These cells were then labeled with organelle‐specific antibodies, ERp57 and Lamin B, as well as DAPI and CD3 in order to identify WBCs and T cells, respectively. In addition, the samples were stained with CD14 Krome Orange to enhance the separation of lymphocytes, monocytes, and neutrophils by flow cytometry. The Krome Orange was not detectable with the filter setup on the fluorescence microscope. After staining, each sample was read on the flow cytometer until 50K events were collected, and then the remaining sample fraction was deposited onto a glass slide using a Cytospin 2, followed by fluorescence microscopy. For the flow cytometry experiment, the gating workflow was similar to Figure [2](#cytoa23103-fig-0002){ref-type="fig"}, except that CD3 was moved to the FITC channel in order to enable it to be visualized by the fluorescence microscope (Fig. [4](#cytoa23103-fig-0004){ref-type="fig"}A). The histogram overlays for ERp57 and Lamin B in each of the different populations demonstrate that the kit performed as expected (Fig. [4](#cytoa23103-fig-0004){ref-type="fig"}B). In particular, Buffer 1 permeabilized the plasma membrane, including the ER, while Buffer 2 further permeabilized the nucleus. When analyzing the sample by fluorescence microscopy, ERp57 can be seen to be equally present within cells that were processed using either Buffer 1 or Buffer 2, while Lamin B is specifically seen only in cells that were processed with Buffer 2 (Fig. [4](#cytoa23103-fig-0004){ref-type="fig"}C). Note that both of the buffer fractions were stained with the same primary antibody cocktail, and all of the cells, including the background samples, were stained with the same secondary antibody cocktail. ERp57 sometimes has a similar pattern of staining as Lamin B, but this is simply because Lamin B is the nuclear cytoskeleton on the inside of the nuclear membrane, while ERp57 labels the ER, which wraps around the outside of the nuclear membrane. In each case, the Lamin B staining is identical in morphology to the DAPI staining, while ERp57 is more similar to the shape of the cell. In these images, the CD3 T cells are brightly labeled green by the CD3 FITC antibody, while the majority of the remaining cells that can be seen in the background are neutrophils, dimly labeled with the CD3 antibody. The neutrophils demonstrate a lower expression of Lamin B than the lymphocytes, and this is also seen by flow cytometry (Fig. [4](#cytoa23103-fig-0004){ref-type="fig"}B).

![Comparison of the flow cytometry results to fluorescence microscopy. A) Gating workflow. B) MFIs of the ER or Nuclear markers, ERp57 or Lamin B, within T cells, monocytes and neutrophils, as seen by flow cytometry. C) Fluorescence micrographs of the same cells seen in B. Following the analyses by flow cytometry, the samples were deposited onto glass slides with a CytoSpin 2, and images were taken using a fluorescence microscope equipped with a 63× objective. The background control was stained with secondary and immunophenotyping antibodies, but was not stained with the primary antibodies for the organelle markers. The white bar in the lower‐left image represents 10 μm. All of these images are in the same scale.](CYTO-91-351-g004){#cytoa23103-fig-0004}

LPS‐Induced Signaling in Monocytes {#cytoa23103-sec-0014}
----------------------------------

Next, we utilized our system to analyze the cytoplasmic versus nuclear localization of a variety of signaling proteins in monocytes, as well as the changes in their distributions following LPS stimulation. Specifically, we analyzed NF‐κB RelA, phospho‐RelA S529, phospho‐RelA S536, IκBα, phospho‐ERK T202/Y204, and phospho‐CREB S133. We used β‐tubulin and Lamin B as controls to verify the performance of the 2 buffers. The gating workflow for this experiment is shown in Figure [5](#cytoa23103-fig-0005){ref-type="fig"}A. In these experiments, CD45 was used to discriminate WBCs, while CD14 was used to discriminate monocytes. All of the signaling data are presented as the average MFIs ± the SEM. As seen in Figure [5](#cytoa23103-fig-0005){ref-type="fig"}B, unstimulated RelA was localized mostly in the cytoplasm, while LPS stimulation induced a 2.16‐fold increase in the nuclear localization of RelA by 10 min. Phospho‐RelA S529 also increased maximally by 10 min, and this increase closely correlated with RelA translocation into the nucleus. In contrast, phospho‐RelA S536 increased maximally by 5 min and was exclusively localized within the cytoplasm. The timing of these events indicates that the phosphorylation of S536 precedes S529, and, together with the spatial localization, suggests that S536 may regulate nuclear translocation, while S529 likely regulates transcriptional activation. In addition, the nucleocytoplasmic shuttle protein, IκBα, was localized in both the cytoplasm and nucleus, and LPS stimulation induced its maximal degradation by 10 min. This occurred within both the cytoplasm and nucleus, but, while greater than 80% of IκBα was degraded in the cytoplasm, this had a more profound impact on nuclear IκBα, reducing it by greater than 95%.

![Subcellular signaling in LPS‐stimulated monocytes. A) Gating workflow. B) Intracellular signaling in monocytes following LPS stimulation. The RelA, phospho‐RelA S529 and S536, and IκBα signaling responses are classical NF‐κB signaling downstream of the TLR4 receptor. The ERK and CREB responses are due to activation of MAPK and Ca^2+^ signaling, respectively. Tubulin and Lamin B are a cytoskeletal proteins that were utilized as a controls for the Cytoplasm and Nucleus, respectively. These data are the averages of 3 different blood donors ± the SEM. Unpaired *t*‐tests were performed versus the control for each respective fraction in order to determine significance in B. \* = *P* values \< 0.05. \*\* = *P* values \< 0.01.](CYTO-91-351-g005){#cytoa23103-fig-0005}

Meanwhile, ERK1/2 T202/Y204 was maximally phosphorylated by 5 min, primarily within the cytoplasm. Phospho‐ERK also increased in roughly equivalent proportions within the nucleus, peaking around 5 min, though to a smaller degree. The transcription factor, CREB, was phosphorylated at S133 near maximally by 5 min, and this was localized exclusively within the nucleus. Finally, β‐Tubulin was present predominantly in the cytoplasm, though a small amount was partitioned with the nuclear fraction. As a marker for verification of the proper performance the buffer system, Lamin B correctly partitioned exclusively within the Buffer 2 fraction.

FoxP3 and STAT5 Signaling in Tregs {#cytoa23103-sec-0015}
----------------------------------

Finally, we tested the effectiveness of our kit with Tregs, a low‐abundance T‐cell population within peripheral blood. Traditional methods for working with Tregs typically necessitate sorting and expansion of this population prior to experimentation. In this experiment, we analyzed Tregs directly in whole blood, using CD45 to gate WBCs, CD4 to identify CD4 T cells, and then CD25^hi^/CD4^l^°^w^ to discriminate Tregs from the CD25^l^°^w/+^/CD4^+^ conventional T cell (Tcons) population (Fig. [6](#cytoa23103-fig-0006){ref-type="fig"}A). FoxP3 was found to be expressed predominantly within the Treg population (Fig. [6](#cytoa23103-fig-0006){ref-type="fig"}B). While experimenting with Tregs, we consistently noticed that the levels and localization of FoxP3 within Tregs tends to change depending on how long after blood collection the experiment is initiated (i.e., the "age of the blood"). When the blood was fresh, 80+% of FoxP3 was localized within the nucleus of Tregs; however, the FoxP3 within Tregs progressively translocated into the cytoplasm following blood collection, leveling off after 4 hours (Fig. [6](#cytoa23103-fig-0006){ref-type="fig"}B). At that point, the FoxP3 within the cytoplasm appears to degrade back to control levels, resulting in an overall reduction in FoxP3 that reaches significance around 4--6 hours after blood collection (Fig. [6](#cytoa23103-fig-0006){ref-type="fig"}C). This was not due to any changes in nuclear permeabilization, as the analyses of Lamin B localization indicated that the kit performed as expected (Fig. [6](#cytoa23103-fig-0006){ref-type="fig"}D), and this effect did not appear to affect the response of Tregs to IL‐2 stimulation.

![FoxP3 localization and IL‐2 stimulation of STAT5 signaling in Tregs. A) Gating workflow. B) Total FoxP3 in Tregs over time following blood collection. These data are the average of 2 independent experiments ± the SEM. C) Subcellular distribution of FoxP3 in Tregs over time following blood collection. These data the average of 2 independent experiments ± the SEM. D) Analysis of Lamin B within the Tregs in B and C, indicating that the permeabilization of the nucleus was not affected over time following blood collection. E) Analysis of the nuclear translocation of the whole STAT5b protein in Tregs and CD25^hi^ or CD25^l^°^w^ Tcons after a 10 min stimulation with a titration of IL‐2. F) Analysis of the nuclear translocation of STAT5b over time following a 1.25 IU/mL IL‐2 stimulation. G) Analysis of the nuclear translocation of STAT5b over time following a 50 IU/mL IL‐2 stimulation. Unpaired *t*‐tests were performed versus the control of each respective fraction in order to determine significance in B--D. \* = *P* values \< 0.05.](CYTO-91-351-g006){#cytoa23103-fig-0006}

Stimulating Tregs with IL‐2 induces the phosphorylation of STAT5, which activates it to translocate into the nucleus and initiate transcriptional activity. Without the ability to properly assess nuclear STAT5 levels, traditional flow cytometry assays utilize the phosphorylation of STAT5 as a surrogate marker for the nuclear localization of STAT5. However, phospho‐STAT5 is difficult to analyze and requires rather harsh permeabilization conditions to expose the phospho‐epitope. Using this kit, we were able to analyze the nuclear translocation of the actual STAT5 protein. In Figure [6](#cytoa23103-fig-0006){ref-type="fig"}E, we stimulated whole blood with a titration of IL‐2 and analyzed the nuclear localization of STAT5 following 10 min of stimulation. We found that even the lowest concentration tested, 1.25 IU/mL (625 pg/mL), produced near maximal nuclear STAT5 levels in Tregs after 10 min, while the CD25^hi^ and CD25^l^°^w^ Tcons populations required higher doses of IL‐2 to induce a comparable response. These results are consistent with previous research regarding the optimal induction of STAT5 signaling in Tregs by IL‐2 [47](#cytoa23103-bib-0047){ref-type="ref"}. A stimulation time course for 1.25 IU/mL of IL‐2 indicated that this concentration would be effective to more selectively stimulate Tregs rather than Tcons in assays such as Treg suppression assays, where the stimulation of cytotoxic and effector Tcons is not desirable (Fig. [6](#cytoa23103-fig-0006){ref-type="fig"}F). A more traditional STAT5 response can be seen by stimulating blood with 50 IU/mL of IL‐2, resulting in maximal nuclear translocation of STAT5 in Tregs within 2.5 min, followed by Tcons around 10 min (Fig. [6](#cytoa23103-fig-0006){ref-type="fig"}G).

Discussion {#cytoa23103-sec-0016}
==========

Collectively, these results demonstrate that the Whole Blood Nuclear Localization Kit is a useful tool for studying cell signaling and nuclear localization within cells in whole blood. This kit provides multiple advantages over existing approaches. One of the primary advantages is that the cells can be analyzed directly in their endogenous environment, meaning that the cells are not adulterated by purification and incubation steps, which results in more physiologically relevant data. Indeed, this effect can be seen in Figure [6](#cytoa23103-fig-0006){ref-type="fig"}C, where the length of time that blood is incubated following collection, without any other mitigating factors, can affect signaling events and the subcellular distributions of proteins. In fact, since Tregs are defined by the nuclear localization of FoxP3, such changes can have a profound impact on experimental results and conclusions due to misidentification or incomplete classification of the Treg population. Moreover, by eliminating the necessity of extensive purification and incubation steps for WBCs, a lot of time and resources can be saved while also resulting in faster data collection and increased efficiency. From start to finish, this system takes approximately 1 hour to prepare whole blood samples for staining, which is more rapid than some of the most optimized immunocytochemistry protocols. Conversely, some purification and expansion protocols take weeks, often resulting in failed or questionable data once the experiment is complete. Since rare and low‐abundance cells, such as Tregs, can be studied directly in situ, smaller sample quantities are required, which also enables the study of cell signaling in rare and precious samples. And, perhaps most importantly, this system does not rely on protein modifications to determine the activation states of cells and pathways, enabling the study of alterations in subcellular distributions of either whole proteins or protein modifications.

In our results from analyzing the distributions of organelle markers, each of the cells were found to have a little Bcl‐x~L~ and Cytochrome C within the Buffer 2 fraction. These proteins were utilized as markers for permeabilization of the outer mitochondrial membrane and exposure of the mitochondrial intermembrane space. This occurs because the boundary for the total permeabilization of both the ER and outer mitochondrial membrane is right on the cusp of the initiation of permeabilization for the nuclear membrane. The efficiency of partitioning can be improved further, but would come at the cost of occasionally initiating nuclear permeabilization in a small subset of cells. In any case, the near‐complete partitioning of the ER and mitochondria with the Buffer 1 fraction is an added benefit for the specificity of the calculated nuclear signal, but likely would not be an issue for most cell‐signaling applications: the actual cytoplasmic proteins are completely exposed by Buffer 1, while the nuclear proteins are completely exposed by Buffer 2. Furthermore, most cell‐signaling pathways induce relatively rapid nuclear translocation, but do not induce equivalent protein translocation into either the ER or the mitochondria. Indeed, the system for translocation into the mitochondria requires proteins to be denatured and then fold or refold once inside the mitochondrial matrix [48](#cytoa23103-bib-0048){ref-type="ref"}, or to pass out of the mitochondria through pores during apoptotic signaling [49](#cytoa23103-bib-0049){ref-type="ref"}, which are different systems altogether. So, while the basal levels of a particular organelle‐specific protein may be slightly altered due to a low level of spillover from the ER or mitochondria in some cells, the alterations in signaling responses would still be expected to be predominantly due to nuclear translocation, nucleocytoplasmic transport, compartmentalization of protein modifications, or de novo protein synthesis, particularly during earlier signaling timeframes. However, if such results are found when analyzing proteins expected to be primarily localized within the spillover organelles, the results should definitely be verified. In fact, if there are any concerns over partitioning artifacts with this system, the traditional techniques could still be utilized for verification and support, but in a more focused and predictable manner, saving both time and resources. Ultimately, even with a little partitioning inefficiency in some cases, this system is still a significant quantitative improvement over attempts to quantify subcellular localization from fluorescence micrographs using masks and algorithms. In fact, this system would work well together with imaging flow cytometry in order to clearly define nuclear localization, functioning as a biochemical mask.

Whereas imaging flow cytometry is akin to fluorescence microscopy by flow cytometry, we envision the Whole Blood Nuclear Localization Kit as similar to performing a quantitative western blot on subcellular protein fractions by flow cytometry, without requiring the cells to be purified from complex, heterogeneous cell mixtures. This was illustrated by evaluating cell signaling in LPS‐stimulated monocytes and IL‐2‐stimulated Tregs, both of which responded as would be expected with western blots performed on cytoplasmic versus nuclear protein fractions. Interestingly, in the case of LPS‐induced RelA phosphorylation, there was a clear spatial and temporal separation of phosphorylation at either S529 or S536. While researchers have analyzed these sites for decades to attribute a functional role to each site, a variety of conflicting data has been presented suggesting that one controls nuclear translocation while the other regulates transactivation and vice versa [50](#cytoa23103-bib-0050){ref-type="ref"}, [51](#cytoa23103-bib-0051){ref-type="ref"}. A lot of the conflict in such situations comes down to the artificial nature of the systems being tested, which typically consist of tumor cells lines that have multiple proteins overexpressed within the cells. By analyzing unadulterated monocytes in their endogenous peripheral blood environment, the order and localization of these events clearly suggests that phosphorylation of RelA at S536 plays a larger role in initiating the nuclear translocation of RelA, while phosphorylation of RelA at S529 likely plays a larger role in regulating transcriptional activity. These findings support previous publications indicating that S536 is important for the kinetics of nuclear import [52](#cytoa23103-bib-0052){ref-type="ref"}, while S529 is important for transactivation potential [53](#cytoa23103-bib-0053){ref-type="ref"}, [54](#cytoa23103-bib-0054){ref-type="ref"}, but does not affect nuclear translocation [33](#cytoa23103-bib-0033){ref-type="ref"}. Furthermore, this underscores that caution should be used when strictly using protein‐modification events as surrogate markers for cellular activation instead of actually analyzing the underlying events.

In conclusion, we have presented a new system and method for analyzing cellular activation in complex cell mixtures that will save both time and money when compared to existing technologies. Use of this system can help to improve our collective understanding of the normal and aberrant cellular mechanisms within endogenous cells in whole blood. Our future work will focus on tuning this system to function optimally with cell cultures and other purified cells, and we are interested in collaborating with other researchers to enhance the applications and potential for utilizing high‐throughput, multiparametric flow cytometry for basic science research.
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